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SUPPORT SYSTEMS AND EXCITATION TECHNIQUES FOR DYNAMIC MODELS 

OF SPACE VEHICLF: STRUCTURES 

Robert W .  Herr and Kuey D. Carden 

NASA Langley Research Center 

ABSTRACT / 

This paper discusses severa l  techniques f o r  supporting and exc i t i ng  
dynamic models of  space vehicle  s t ruc tu res  t o  study t h e i r  dynamic proper t ies  
such a s  n a t u r a l  frequencies,  mode shapes, damping, and response. P a r t i c u l a r  
a t t en t ion  i s  given t o  a unique support harness for v e r t i c a l  support of 
miss i le - l ike  s t ruc tu res  with minimum l a t e r a l  r e s t r a i n t .  Included i n  the  dis- 
cussion of v ibra t ion  exc i t e r s  i s  an a i r  shaker which i s  p a r t i c u l a r l y  usefu l  
f o r  exc i t a t ion  of t he  na tu ra l  modes of l i g h t  s t ruc tures  and those having t h i n  
skins  such a s  encountered on dynamic models of space vehicles .  

INTRODUCTION 

The accurate  experimental determination of  t he  f ree- f ree  l a t e r a l  vibra-  
t i o n  modes of launch vehicles  i s  complicated by the  f a c t  t h a t  during vibra-  
t i o n  t e s t i n g ,  t he  vehicle must be res t ra ined  against  gravi ty .  A massless 
r e s t r a i n t  added t o  the  vehicle  anywhere other than a t  a nodal point  w i l l  
increase the  n a t u r a l  frequencies.  This increase i n  the  na tu ra l  frequencies 
i s  dependent on both the  locat ion and t h e  magnitude of t h e  r e s t r a i n t .  

Obviously, t h e  i d e a l  locat ion f o r  t he  r e s t r a i n t  i s  a t  t h e  nodal po in ts .  
From a p r a c t i c a l  standpoint,  t h i s  i s  of ten not f eas ib l e ;  p a r t i c u l a r l y  when 
t h e  vehicle  i s  l i q u i d  fueled and must be or ientated v e r t i c a l l y .  I n  t h i s  case,  
t h e  only p a r t  of t he  s t ruc tu re  capable of supporting the  mass of t h e  vehicle  
i s  usua l ly  a t  t h e  base where the  engine th rus t  i s  t ransmit ted t o  t h e  
s t ruc tu re .  

One of t h e  primary worries of t h e  dynamics engineer i s  j u s t  how much h i s  
suspension system i s  a f f ec t ing  t h e  na tu ra l  frequencies.  
worries needlessly and i n  others ,  he worries too  l i t t l e .  One of t he  objec- 
t i v e s  of t h i s  paper i s  t o  give the  dynamics engineer some guidel ines  as t o  
t h e  importance of r e s t r a i n t s  imposed by various support techniques. 

I n  many cases he 

Also of concern t o  t h e  dynamicist during t h e  t e s t i n g  and experimental 
i nves t iga t ions  i s  whether t he  means of applying the  desired force t o  t h e  
s t r u c t u r e  a l ters  o r  s ign i f i can t ly  influences the  mass and s t i f f n e s s  proper t ies  
of t h e  s t ruc tu re .  
and d i s t o r t  t h e  quan t i t i e s  he seeks t o  measure. - 

That i s ,  does the  exci t ing and measuring apparatus change 



I n  the  cases where la rge ,  massive, o r  r e l a t i v e l y  r i g i d  s t ruc tures  such 
as f u l l - s c a l e  boosters or space vehicles  a r e  being tes ted ,  the  added mass i s  
qui te  often only a few percent of the l o c a l  s t ruc ture  mass and i t s  e f f e c t s  
can be neglected. Of the  many types of la rge  vibrat ion machines u t i l i z e d  f o r  
such tests t h e  most commonly used a r e  the  electrodynamic and hydraulic. Since 
the  e f f e c t s  of these exc i te rs  on l a r g e r  s t ruc tures  a r e  generally s m a l l  or  can 
be minimized through t h e  use of f l e x i b l e  couplings and by placement of the 
attachment point  near nodal locat ions,  only b r i e f  and l imited comments on 
these machines w i l l  be included. 

On the other hand, as the s i z e  of t h e  s t ruc ture  decreases the  problem 
and headache of d i s t o r t i o n  and influence on the  s t ruc ture  of the  e x c i t e r  
becomes, i n  many instances,  so la rge  t h a t  t h e  data i n  these cases a r e  ques- 
t ionable  or cannot be obtained. This emphasizes the  necessi ty  f o r  using 
equipment of a scale  appropriate t o  the s t ruc ture  t o  be tes ted .  
t i c u l a r l y  true f o r  t e s t s  on f l e x i b l e  panels,  l i g h t ,  thin-walled conical  o r  
cy l indr ica l  s t ruc tures ,  or s m a l l  dynamic models of space vehicles .  Somewhat 
more de ta i led  discussions of exc i ta t ion  equipment usefu l  i n  these a reas  will 
be indicated with p a r t i c u l a r  a t t e n t i o n  given t o  the  descr ipt ion,  use,  and 
pr inciple  of operation of an a i r - j e t  shaker. 

This i s  par- 

SUSPENSION S Y S T W  

General 

I n  general, the  most convenient type of spring f o r  t h e  r e s t r a i n t  of a 
launch vehicle during l a t e r a l  vibrat ion t e s t i n g  i s  t h e  gravi ty  spring. In  
t h i s  type of suspension, t h e  t e s t  vehicle  i s  supported by a cable o r  cables 
attached t o  a r i g i d  overhead framework. The d i rec t ion  of v ibra t ion  exci ta-  
t i o n  i s  normal t o  the  plane of the  cables.  

For a rep l ica  model of a vehicle  and i t s  cable suspension, dynamic s i m i -  
l a r i t y  i s  obtained i f  the  r a t i o  of the  pendulum t o  s t r u c t u r a l  frequencies 
remains constant. Thus, 

where u+ 
erat ion;  and L, a c h a r a c t e r i s t i c  length.  Since t h e  c h a r a c t e r i s t i c  frequency 
of a model which possesses rep l ica  proportions i s  inversely proport ional  t o  
i t s  s i z e ,  it follows t h a t  gL = C .  
suspension, dynamic s i m i l a r i t y  i s  achieved only by t e s t i n g  i n  a 5g gravi ty  
f i e l d .  

i s  t h e  pendulum frequency; w, a s t r u c t u r a l  frequency; g, t h e  accel-  

Hence, f o r  a l /?-scale  vehicle  and cable 

Since t h e  objective of sca le  model v ibra t ion  t e s t s  i s  not usual ly  t o  
duplicate t h e  r e s u l t s  of f u l l - s c a l e  shake tests, but r a t h e r  t o  determine, as 
accurately as possible ,  the  f ree- f ree  v i b r a t i o n  frequencies,  t h e  l o g i c a l  
approach i s  t o  conduct the  t e s t s  i n  a l g  grav i ty  f i e l d  u t i l i z i n g  a suspension 
system which has a minimum e f f e c t  on t h e  n a t u r a l  frequencies.  
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I n  order t o  give some ins igh t  i n t o  the  magnitude of t h e  e f f e c t s  of va r i -  
ous suspension systems on the  f ree- f ree  frequencies, the  resonant frequencies 
of uniform beams r e s t r a ined  a s  indicated i n  f igure  1 were determined experi-  
mentally and/or ca lcu la ted  and compared with the f ree- f ree  frequencies.  The 
e f f e c t s  of the  parameter g/cuff2L were a l s o  determined by u t i l i z i n g  uniform 

beams of varying length or s t i f f n e s s .  i s  t h e  f irst  f ree- f ree  frequency 
i n  radians pe r  second and L the  length of the beam. 

uyf 

The physical  s ignif icance of t he  value of g q f 2 L  i s  not r ead i ly  appar- I 
2 en t .  For r ep l i ca  models, g/coff L i s  proportional t o  t h e  s i z e  of t h e  vehi- 

c l e .  For a given s i z e  vehicle ,  t h e  parameter i s  proport ional  t o  i t s  mass and 
inversely proport ional  t o  i t s  s t i f f n e s s .  With cognizance of  t he  f a c t  t h a t  
t h e  s t i f f n e s s  and mass d i s t r ibu t ions  of launch vehicles  a r e  seldom uniform, 

t h e  approximate values of g / q f  L f o r  some launch vehicles  a re :  Vanguard, 

0.0008; Redstone, 0.0011; Saturn SA-1,  0.0011; Ti tan,  0.0017; and Saturn 5 ,  
0.0020. A proposed version of Nova would have a r e l a t i v e l y  la rge  value f o r  
g/cuff2L of 0.0045. 

t h e  range of g / q f  L up t o  approximately 0.010 which represents  an extremely 

f l e x i b l e  beam. 

2 

The uniform beams u t i l i z e d  i n  the  experiments covered 
2 

Perhaps a b e t t e r  f e e l  f o r  t he  s ignif icance of g/qf2L i s  afforded by 

the  f a c t  t h a t  f o r  a hor izonta l ly  supported beam, t h e  s t a t i c  def lec t ion  r e l a -  

t i v e  t o  i t s  length i s  proport ional  t o  g/qf2L.  

t h e  s t a t i c  def lec t ion  a t  the  t i p  divided by t h e  length of t h e  beam i s  equal 

t o  62.8 g c ~ f  L . Thus, t h e  s t a t i c  def lect ion curves f o r  hor izonta l  can t i -  

l eve r s  would appear a s  depicted below. 

For a hor izonta l  can t i lever ,  

( 1  f 2 )  

0 0.002 0.004 0.006 0.008 0.010 ' 

Two-Cable Horizontal Suspension 

If t h e  s t r u c t u r e  of t he  vehicle  i s  rugged enough t o  withstand the  bending 
moments, t h e  suspension system depicted i n  f igure l ( a )  i s  probably t h e  most 
des i rab le  due t o  i t s  s impl ic i ty .  
po in ts ,  t h e i r  e f f e c t  on the  f r ee - f r ee  frequencies a re  negl ig ib le .  

If the  support cables are located a t  nodal 
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It i s  not always f eas ib l e  t o  support a vehicle  a t  t h e  nodal points .  The 
increase i n  the  resonant frequency then depends on the  loca t ion  of  t h e  support 

po in ts ,  t h e  length of t h e  cables ,  and the  value of t he  parameter g uff2L.  I 
In  f igure  2, t h e  increase i n  t h e  f i rs t  na tu ra l  f ree- f ree  frequency, 

indicated by the  r a t i o  

distance t o  the  support po in ts  from t h e  ends of t he  beam t o  the  beam length,  
S/L, f o r  cable lengths of 1/8, 1/4,  and 1/2 t h e  length of t he  beam and f o r  

beams having values of g/qf L of 0.00202, 0.00402, and 0.00605. The f r ee -  

f r e e  reference frequency 
experimental f igures  per ta ining t o  uniform beams, i s  the  experimental f r e -  
quency f o r  a value of S/L of 0.224. 

(O/uyf, i s  p l o t t e d  a s  a function of t h e  r a t i o  of t h e  

2 

Wff used i n  t h i s  f igure ,  a s  wel l  as i n  a l l  other  

For t he  range of parameters inves t iga ted ,  t h e  data  of f igu re  2 show t h a t  
t h e  increase i n  frequency due t o  t h e  suspension i s  approximately proport ional  

t o  g/qf2L and inversely proport ional  t o  the  cable length 2/L. 

- 0.00605 For the  most f l e x i b l e  beam - - supported on shor t  cables  ) k f 2 L  

( 2 / L  = 1/8), t he  locat ion of t he  cable attachment poin ts  can be as much a s  
8 percent of t he  length of t h e  beam from t h e  nodal po in ts  without exceeding 
an e r ro r  of 1 percent i n  the  measurement of t he  f ree- f ree  f i r s t  n a t u r a l  f r e -  

quency. For a more p r a c t i c a l  value of - - - 0.002, t he  sho r t  cables  may 

be located anywhere within 1 4  percent of t h e  length of t h e  beam from t h e  nodal 
po in ts  without exceeding a 1-percent e r r o r .  

9 f 2 L  

It i s  therefore  apparent t h a t  f o r  cable lengths  grea te r  than 1/8 t h e  beam 

length and f o r  p r a c t i c a l  values of 1 < 0.002, t he re  i s  no need t o  go t o  

great  pains t o  support t he  beam p rec i se ly  a t  t h e  nodal po in ts .  Although not  
shown here, t he  cable attachment loca t ion  has even less e f f e c t  on t h e  higher 
f ree-free modes. 

W f f 2 L  

Multicable Horizontal  Suspension 

I n  cases where it i s  not f eas ib l e  t o  support a vehicle  ho r i zon ta l ly  a t  
two points due t o  excessive s t a t i c  bending moments or l oca l i zed  s t r e s s e s ,  it 
may be p rac t i ca l  t o  support it on many cables d i s t r i b u t e d  along t h e  length of 
the  beam a s  indicated i n  f igu re  l ( b ) .  
assumed, an e l a s t i c  l a t e r a l  foundation r e s u l t s ,  t h e  modulus of which i s  
The frequency equation i s  

If an i n f i n i t e  number of cables a r e  
K.  

4 



where 

?1 = t o t a l  mass of beam 

K = mg/Z 

Z = length of cables 

Subs t i tu t ing  t h e  value of K i n t o  t h e  frequency equation and rearranging 

I n  f igure  3 the  increase i n  frequency u / v f  due t o  the  cable r e s t r a i n t  

i s  p l o t t e d  as a function of g/wfFL f o r  cable lengths of 2/L = 1/16, 1/8, 
1/4, and 1/2. 

A s  with t h e  two-cable suspension, the  data show t h a t  t h e  e f f e c t  on the  

f i r s t  f ree- f ree  frequency i s  approximately proportional t o  g 

inversely proport ional  t o  t h e  cable length.  

For cable lengths grea te r  than 1/8 of the beam length and f o r  t h e  common 

range of - < 0.002, the  e r r o r  i s  l e s s  than 1 percent. For corresponding 

?f2L 

, t h e  error i s  approximately one-quarter of  cable lengths  and values of - g 

Y f * L  
t h e  e r r o r  obtained when the beam i s  supported by a cable a t  each end. 

I n  order t h a t  t h e  tension i n  t h e  many cables be properly d is t r ibu ted ,  it 
i s  usual ly  advisable t o  use e l a s t i c  shock cords i n  place of r e l a t i v e l y  ine las -  
t i c  cables.  One experimental data point for which e l a s t i c  shock cords were 
u t i l i z e d  i s  shown i n  f igure  3 and it agrees very well  with the t h e o r e t i c a l  
r e s u l t  . 

One-Cable V e r t i c a l  Suspension 

Other than i t s  s implici ty ,  the  one-cable v e r t i c a l  suspension depicted i n  
figure l ( c )  has  l i t t l e  t o  of fe r .  
vehicles ,  it i s  frequently necessary t o  o r ien ta te  a t e s t  vehicle v e r t i c a l l y  

A s  i s  the case with l iquid-fueled launch 
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during vibrat ion tests.  
r igo r s  of being hung by i t s  nose. 

It i s  a r a r e  vehicle ,  however, t h a t  can withstand t h e  

Despite t h e i r  l ack  of general  usefulness,  t he  e f f e c t s  of t h e  one-cable 
suspension on the  f ree- f ree  v ibra t ion  frequencies a re  in t e re s t ing ;  espec ia l ly  
when compared t o  t h e  r e s u l t s  u t i l i z i n g  t h e  two-cable v e r t i c a l  suspension 
i l l u s t r a t e d  i n  f igure  1( e ) .  

I n  f igu re  4(a)  the  increase i n  t h e  f i r s t  f ree- f ree  frequency u/qf 
f o r  four  beams for which t h e  

i s  
p l o t t e d  as a function of cable length 

values of g /q f2L  a re  0.00291, 0.00631, 0.0114, and 0.0255. 
L/2 

It should be noted t h a t  increasing cable lengths are denoted by 
decreasing values of L/2 so  t h a t  L/2 = 0 represents  an i n f i n i t e l y  long 
cable or zero l a t e r a l  r e s t r a i n t .  

The most i n t e r e s t i n g  fea ture  of t h i s  p l o t  i s  t h a t  when t h e  curves a r e  

This increase i n  fre- 
extrapolated t o  a value of 
t h e  na tura l  frequency over the  f r ee - f r ee  frequency. 
quency can be a t t r i b u t e d  t o  the  tension i n  the  beam. 

L/2 = 0, the re  i s  s t i l l  a subs t an t i a l  increase i n  

I n  f igure  4(b) ,  the  curves of f igu re  4(a)  have been cross-plot ted t o  show 
2 t h e  increase i n  t h e  na tu ra l  frequency as a function of g/cuff L f o r  r e l a t i v e  

cable lengths 2/L of 1/8, I/&, 1/2, 1, and 03. 

It can be seen t h a t  f o r  cable lengths  grea te r  than one-quarter t h e  length 
of t h e  beam, t h e  tension i n  t h e  beam has a grea te r  e f f e c t  on t h e  na tu ra l  f r e -  
quency than does the  cable r e s t r a i n t .  

Ver t i ca l  Orientat ion With Res t ra in t  a t  Base 

A n  often used type of r e s t r a i n t  f o r  shake t e s t s  of l iquid-fueled launch 
vehicles  i s  i l l u s t r a t e d  i n  f igu re  l ( d ) .  I n  t h i s  system, a l l  of t h e  p i t c h  and 
l a t e r a l  r e s t r a i n t  i s  concentrated a t  t h e  base of t h e  vehicle .  Any of sev- 
e r a l t y p e s  of r e s t r a in ing  spr ings may be used, such as a s e r i e s  of c o i l  
spr ings spaced around t h e  periphery a t  t h e  base, pneumatic bags, or a combina- 
t i o n  of v e r t i c a l  cables t o  provide l a t e r a l  r e s t r a i n t  and to r s ion  spr ings t o  
provide p i tch  r e s t r a i n t .  

NO matter what type of  r e s t r a i n t  i s  used, a minimum spring constant of 
mgLcg, must be provided i n  the  p i t c h  d i r ec t ion  t o  r e s t r a i n  a vehicle  from 
toppling. Leg 
t o  i t s  center of gravi ty .  

as  used here i s  t h e  d is tance  from t h e  base of t he  vehicle  up 

If a var ia t ion  i n  g/wff2L i s  assumed t o  represent  a change i n  t h e  grav- 

i t a t i o n a l  f i e l d  g, ac t ing  on a given vehic le ,  it i s  seen t h a t  t h e  minimum 
p i t c h  spring r e s t r a i n t  required a t  t h e  base 

6 

mgLcg i s  proport ional  t o  



g/wff2L. 
vehicle i s  increased, t h e  minimum spring r e s t r a i n t  must a l s o  be increased 
r e su l t i ng  i n  a l a rge r  e f f e c t  on the  na tu ra l  frequencies. 
r ep l i ca  ,models t e s t e d  i n  a constant grav i ta t iona l  f i e l d ,  t he  g rea t e r  t he  s i z e  
of the  vehicle ,  t he  grea te r  will be the  e f f ec t  of the minimum spring r e s t r a i n t  
on the  na tu ra l  frequencies. 

It i s  thus apparent t h a t  a s  t he  grav i ta t iona l  a t t r a c t i o n  on a given 

Similar ly ,  f o r  

The e f f e c t  t h a t  t h i s  minimum p i t c h  r e s t r a i n t  has on t h e  f i rs t  f ree- f ree  
frequency has been computed and i s  presented i n  f igu re  5 .  In  t h i s  ana lys i s  
the  lateral  r e s t r a i n t  was assumed t o  be zero, Although it i s  r ea l i zed  t h a t  
these r e s t r a i n t s  a r e  impract ical  from an experimental standpoint,  t he  r e s u l t s  
ind ica te  the  absolute minimum increase i n  the na tu ra l  frequencies t h a t  can be 
obtained with t h i s  type of r e s t r a i n t .  

Figure 5 shows t h a t  f o r  a uniform beam having a value of g cuff L cor- 

increases  the  f i r s t  na tu ra l  frequency by 4 percent;  

I '  
responding t o  t h a t  of Ti tan  (0.002), t he  m i n i m u m  p i t c h  r e s t r a i n t  mgLcg 

denoted by wp coff = 0 ( I )  
a r e l a t i v e l y  la rge  increase when compared t o  t h e  r e s u l t s  obtained u t i l i z i n g  
horizontal  suspensions with reasonable cable lengths.  

When t h e  p i t c h  r e s t r a i n t  a t  the  base i s  increased t o  provide a f i n i t e  
rigid-body p i t c h  frequency 

can become qu i t e  pronounced. 
first f r ee - f r ee  frequency of l/fJ may i n t u i t i v e l y  seem l i k e  a s o f t  suspension, 

9 , t he  e f f e c t  on the  f i r s t  f l e x u r a l  frequency 0 
Although a r a t i o  of rigid-body frequency t o  

it i s  noted t h a t  f o r  a value of - - - 0.002 the  increase i n  frequency 

9 f 2 L  
amounts t o  12 percent.  

Two-Cable Ver t i ca l  Suspension 

A method of supporting a launch vehicle i n  a v e r t i c a l  pos i t ion  with a 
minimum of rigid-body r e s t r a i n t  but ye t  safe from the  standpoint of toppling 
has been conceived by the  senior  author and i s  depicted i n  f igu re  6. 
weight of t he  vehicle  i s  ca r r i ed  by two support cables a t tached t o  the  bottom 
of t h e  vehic le .  
the  support cables  and the  periphery of t he  vehicle a t  some point  
the  veh ic l e ' s  center  of gravi ty .  This support system has e s s e n t i a l l y  two 
degrees of freedom i n  the  plane normal t o  the  cables; t r ans l a t ion  a s  a pendu- 
l u m  and p i tch ing .  

The 

S t a b i l i t y  i s  provided by two r e s t r a i n t  cables t i e d  between 
e l  above 

I n  terms of t he  dimensions of f igu re  6, t he  t o t a l  p i tch ing  moment ac t ing  
on t h e  vehic le  ( including the  moments due t o  g rav i ty)  can be shown t o  be 

8e 
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Taking the  der ivat ive of the  moment expression with respect t o  8 gives 
t h e  e f fec t ive  spr ing constant of the system i n  p i tch .  

- e(. +3 f 

L J 

Solving t h e  spring constant equation f o r  a when K and 8 are s e t  equal 
t o  zero r e s u l t s  i n  an expression defining the  cable separation necessary t o  
maintain the  vehicle  i n  a v e r t i c a l  a l t i t u d e  with zero p i t c h  frequency. 

when 
when a > a0 

a < ao, the  vehicle  will topple a few degrees t o  a s t a b l e  pos i t ion  and 
it w i l l  possess a frequency i n  p i t c h  >O. 

Experimental v e r i f i c a t i o n  of the  c r i t i c a l  cable separation dis tance i s  
shown i n  f igure  7. For a given locat ion of the  res t ra in ing  cables e t h e  
support cables were progressively separated u n t i l  the  vehicle  would j u s t  stand 
e r e c t .  Correlation of the  experimental r e s u l t s  with theory shows excel lent  
agreement. 

I n  f igure  8 ( a ) ,  the  p i t c h  moments imposed by the  harness r e l a t i v e  t o  the  

unstable gravi ty  moments Mharness have been p l o t t e d  as a function of the 

angle of tilt f o r  th ree  values of the  r e l a t i v e  cable separation f o r  
each of two res t ra in ing  cable locat ions.  The center  curves i n  each case i s  
f o r  a/ao = 1 which r e s u l t s  i n  a zero p i t c h  frequency when 8 = 0. When 
a/ao < 1 
the  harness exceeds the  moment due t o  gravi ty .  

mgLcg8 

a/ao 

the  vehicle w i l l  tilt over u n t i l  t h e  r e s t r a i n i n g  moment imposed by 

The e f fec t ive  spring constant of t h e  harness i n  p i t c h  r e l a t i v e  t o  the  

has been p l o t t e d  i n  f igure  8 ( b )  as a function of the  Kharne s s gravi ty  spr ing 

angle of tilt. 
nonlinear. 

mgLcg 

A s  may be observed, t h e  e f f e c t i v e  spr ing i s  decidedly 

I n  prac t ice ,  t h i s  harness i s  extremely simple t o  use. It i s  not neces- 
sary,  as it i s  with many types of suspension systems, t o  a l t e r  t h e  s t i f f n e s s  
of t h e  r e s t r a i n t  whenever the f u e l  load i s  var ied over a wide range. The only 
adjustment t h a t  need be made i s  t h e  support cable separation as t h e  center  of 
gravi ty  changes. 
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For l a rge  l iquid-fueled vehicles i t  may be necessary t o  d i s t r i b u t e  the  
concentrated loads imposed on the  s t ruc ture  a t  the cable attachment points  by 
means of a lightweight t r u s s .  Radial loads applied t o  the s t ruc ture  due t o  
the tension i n  the res t ra in ing  cables may be a l l e v i a t e d  by replacing t h e  
res t ra in ing  cables with two p a r a l l e l  cables as i l l u s t r a t e d  i n  t h e  sketch. 

, - - -Restraining cables 

-Lightweight beam 

Test vehicle  --,, 

Support cables 

The f a c t  t h a t  the  rigid-body p i t c h  frequency can be r e a d i l y  adjusted t o  
zero does not imply t h a t  t h e  harness has no e f f e c t  on t h e  free-free frequen- 
c i e s .  There i s  a s m a l l  amount of l a t e r a l  r e s t r a i n t  a t  the  cable attachment 
points .  I n  order t o  e s t a b l i s h  the  e f f e c t s  of these  r e s t r a i n t s ,  v ibra t ion  
t e s t s  were made of th ree  uniform beams suspended i n  t h e  harness depicted i n  
f igure  9. The e f f e c t  of the harness on t h e  free-free frequencies w i l l  vary 
with t h e  lengths of the  support and res t ra in ing  cables used but t h e  t rends 
and the  magnitude of the  e f f e c t s  caused by a p a r t i c u l a r  harness a r e  of 
i n t e r e s t .  

The e f f e c t s  of the  locat ion of  t h e  res t ra in ing  cables are indicated i n  
f igure  9(a)  i n  which t h e  f i r s t  n a t u r a l  frequency, r e l a t i v e  t o  t h e  minimum 
f a i r e d  frequency, i s  p l o t t e d  as a function of res t ra in ing  cable loca t ion  2/L. 
A s  expected, t h e  locat ion of the  res t ra in ing  cables does have an e f f e c t  on t h e  
n a t u r a l  frequency, but t h e  magnitude of t h e  e f f e c t  i s  exceedingly s m a l l .  For 

t h e  beam with a value of 

a t t r i b u t a b l e  t o  a var ia t ion  of the  res t ra in ing  cable locat ion i s  0.3 percent;  
a negl ig ib le  e f f e c t .  

- - - 0.002, the maximum change i n  frequency 
'Dff2L 

I n  figure 9 ( b ) ,  t h e  data t o  f igure 9(a)  have been p lo t ted  r e l a t i v e  t o  
the  f i rs t  f ree- f ree  frequency. Rather than increasing the  n a t u r a l  frequency, 
as a massless r e s t r a i n t  must, the  f igure  shows t h a t  n a t u r a l  frequencies of a 
uniform beam suspended i n  t h i s  harness a r e  appreciably l e s s  than t h e  f r e e -  
f r e e  frequencies.  Just  as tension i n  a beam increases i t s  f l e x u r a l  frequen- 
c i e s  ( f i g .  4), compression decreases the  natural  frequencies. Although t h i s  

e f f e c t  i s  s m a l l  f o r  present-day launch vehicles 

- -  - 0.002 

perhaps 2 percent a t  i 
) , t h e  important point  i s  t h a t  t h e  e f f e c t s  due t o  t h e  harness 

'Dff2L 

r e s t r a i n t  a r e  fa r  l e s s ,  even when the  res t ra in ing  cables a r e  located a t  the  
t i p  of t h e  vehicle .  
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A s  mentioned previously, most launch vehicles  a r e  not uniform beams. 
They are ,  i n  general, s t i f f e r  and more massive a t  t h e i r  base r e su l t i ng  i n  
r e l a t i v e l y  large v ibra t ion  amplitudes a t  t h e  t i p .  
t h a t ,  compared t o  a uniform beam, t h e  frequencies of such a vehicle would be 
affected less by compression due t o  grav i ty  and r e l a t i v e l y  more due t o  a 
restraint near the  t i p .  I n  view of such a p o s s i b i l i t y ,  t h e  na tu ra l  frequen- 
c i e s  of two nonuniform beams mounted i n  a harness were obtained and a r e  com- 
pared t o  t h e i r  f ree- f ree  frequencies i n  f igu re  10. The upper and lower half  
of each beam was uniform, with t h e  upper ha l f  having one-half the  mass and 

one-eighth the  s t i f f n e s s  of the  lower h a l f .  Values of g 'uff2L f o r  t h e  two 

beams were 0.002 and 0.006. Although it i s  not possible  t o  separate  experi-  
mentally t h e  e f f e c t s  due t o  r e s t r a i n t  and compression, when t h e  r e s u l t s  a r e  
compared t o  t h e  uniform beam r e s u l t s  of f i gu re  9 ( b ) ,  it can be sa id  t h a t  t he  
compression e f f e c t s  a r e  l e s s  and/or t h e  r e s t r a i n t  e f f e c t s  a r e  grea te r  f o r  t he  
stepped beam. 
s ince the na tu ra l  frequencies i n  t h e  harness a re  lower than the  f r ee - f r ee  
frequencies . 

I n t u i t i v e l y ,  it would seem 

I 

The compression e f f e c t s  s t i l l  outweigh t h e  r e s t r a i n t  e f f e c t s  

The va r i a t ion  i n  t h e  na tu ra l  frequencies associated with a change i n  
locat ion of t h e  r e s t r a in ing  cables can be seen t o  be somewhat grea te r  f o r  t he  
stepped beam than f o r  t he  uniform beam. 

It i s  not t o  be implied from these  r e s u l t s  t h a t  t h e  compression e f f e c t s  
will i n  a l l  cases outweigh the  r e s t r a in ing  e f f e c t s  of t he  harness.  

Although there  i s  no good reason t o  use a support cable separat ion 
g rea t e r  than the  optimum 
t h e  cable separat ion i s  not c r i t i c a l  even f o r  an extremely f l e x i b l e  uniform 
beam. In t h i s  f i gu re ,  t h e  na tu ra l  frequency i s  p l o t t e d  as a funct ion of t h e  
cable separation r e l a t i v e  t o  the  optimum cable separat ion ao. %ef i s  the  
n a t u r a l  frequency obtained with the  r e s t r a in ing  cables a t  t h e  nodal point  and 
t h e  support cables separated the  optimum dis tance.  The r e s u l t s  i nd ica t e  t h a t  
when the r e s t r a in ing  cables a r e  loca ted  a t  t h e  t i p ,  t h e  e f f e c t  of increasing 
t h e  cable separat ion by 50 percent i s  about t h e  same order of magnitude a s  i s  
obtained by moving the  r e s t r a in ing  cables from the  nodal point  t o  t he  t i p .  

"0, t he  r e s u l t s  shown i n  f igu re  11 ind ica t e  t h a t  

I n  f igu re  12 the  e f f e c t s  of t he  harness type of suspension on t h e  f i rs t  
two f ree- f ree  frequencies a r e  compared with r e s u l t s  obtained when t h e  beams 
were suspended on one cable a t tached a t  t h e  t i p  a s  i n  f igu re  l ( c ) .  
i n t e r e s t i n g  aspect of t h i s  f igure  i s  t h e  near symmetry of t h e  data about t h e  
abscissa .  Assuming t h a t  tension and compression of uniform beams have equal 
but opposite e f f e c t s  on t h e  na tu ra l  frequencies f o r  t he  range of parameters 
invest igated,  t h e  near symmetry of t h e  da ta  ind ica t e s  a comparatively s m a l l  
e f f e c t  of t h e  r e s t r a i n t  of e i t h e r  suspension system. 
both suspension systems a f f e c t  t he  f i r s t  f ree- f ree  frequencies t o  a much 
g rea t e r  extent than t h e  second f r ee - f r ee  frequencies.  It may a l s o  be observed 
t h a t  for  t he  harness suspension, moving t h e  r e s t r a i n i n g  cables from t h e  second 
mode nodal point  t o  t h e  t i p  of t h e  beam has an extremely small e f f e c t .  

The 

It i s  apparent t h a t  

With respect  t o  t h e  r e l a t i v e l y  l a rge  increase  i n  frequencies pred ic ted  
when a l l  of t he  p i t c h  r e s t r a i n t  w a s  appl ied a t  t h e  base of t h e  vehic le  
( f i g .  5 ) ,  it should be noted t h a t  t hese  results would have been a l l e v i a t e d  

. I 
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somewhat had compression e f f e c t s  been included i n  the  analysis .  
believed, however, t h a t  i n  t h i s  case the  compression e f f e c t s  a r e  r e l a t i v e l y  
s m a l l  compared t o  the  e f f e c t s  a t t r i b u t a b l e  t o  t h e  r e s t r a i n t .  

It i s  

VIBFATION EXCITERS 

Electrodynamic Vibration Machines 

A s  t h e  name implies, the  electrodynamic v ibra t ion  machine derives i t s  
name from t h e  method of force generation. 
namically from t h e  in te rac t ion  between a current flow i n  a dr iver  c o i l  and 
the intense magnetic f i e l d  which cuts  t h e  coi l .  

The force i s  produced electrody- 

I n  u t i l i z i n g  these exc i te rs  f o r  exploratory v ibra t ion  s tudies ,  t h e  elec-  
trodynamic shaker has the  advantages of r e l a t i v e l y  wide frequency ranges, and 
a v a i l a b i l i t y  of random and sinusoidal vibrat ions or a combination of both. 
I n  multiple shaker appl icat ions,  in-phase and out-of-phase control  between 
the  various machines can be accomplished. 
t i l e  and widely used, they have t h e  disadvantage i n  t h a t  it i s  d i f f i c u l t  t o  
provide adequate power and displacement a t  the low frequencies commonly 
encountered i n  large-scale  vehicle s tud ies .  I n  t h e i r  use on smaller scale  
s t ruc tures ,  care must be exercised t o  minimize t h e  e f f e c t s  of t h e  attachment 
between the  t es t  vehicle and t h e  shaker c o i l  i n  order t o  avoid s i g n i f i c a n t  
influences on the  s t r u c t u r a l  responses. 

Although these shakers a r e  versa- 

Hydraulic Vibration Machines 

The hydraulic v ibra t ion  machine transforms power i n  the form of a high- 
pressure flow of f l u i d  from a pump t o  a reciprocating motion of the  t a b l e  of 
t h e  v ibra t ion  machine. 
ton i n  t h e  ac tua tor  and then t o  t h e  other  side,  forces  the  actuator  t o  execute 
a reciprocat ing motion. 

High-pressure f l u i d  del ivered t o  one s ide of the  p i s -  

Some of t h e  disadvantages found i n  t h e  electrodynamic shaker have been 
overcome i n  the  hydraulic shaker. 
ab le  of generating la rge  forces  and la rge  displacements o r  s t rokes a t  frequen- 
c i e s  as low as desired.  
machine i s  s m a l l  and lightweight which can be advantageous i n  c e r t a i n  applica- 
t i o n s .  However, t h i s  f a c t  a l s o  requires a r i g i d  connection t o  firm ground or 
a la rge  massive base t o  anchor the  machine i n  place which can be inconvenient 
and d i f f i c u l t  i n  many cases. 
ondary resonances, seepage, leakage, nonl inear i t ies ,  necessi ty  of clean 
hydraulic f l u i d ,  and poor high-frequency performance. 

For example, the hydrauiic shaker i s  cap- 

Relative t o  the  forces a t ta inable ,  t h e  hydraulic 

Among some of the  other disadvantages a re :  sec- 

Electromagnetic Vibration Machines 

I n  many appl icat ions where the  l imit ing conditions of t h e  other types of 
v ibra t ion  t e s t i n g  machines cannot be circumvented, electromagnetic e x c i t e r s  
have been successful ly  u t i l i z e d .  
e r a t e s  a v ibra tory  force which i s  transmitted t o  the  t a b l e ,  giving it motion; 

The electromagnetic vibrat ion machine gen- 
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the  force i s  derived from magnetic a t t r a c t i o n  or repulsion due t o  i n t e n s i t y  
or  direct ion changes of a magnetic f lux  l inking several  f lux-carrying members. 

The simplest form of an electromagnetic vibrat ion e x c i t e r ,  ca l led  an 
unbalanced-force type, cons is t s  of an electromagnetic core with a s ingle  
winding and an armature. 
magnetic-core material .  This simple device, which i s  generally user -bui l t ,  
has several  desirable  and usefu l  fea tures .  It has been usefu l  i n  dr iving 
s t ruc tures  f o r  resonant mode t e s t i n g  where the s t ruc ture  supplies the  pos i t ion  
force and where t h e  d i s t o r t i o n  of the  generated force i s  of l i t t l e  consequence. 
I n  these cases,  the armature can be bol ted o r  cemented t o  the t e s t  s t ruc ture  
a t  any appropriate locat ion.  
the  s t ruc ture  can be to le ra ted ,  the  device can be used without the  armature. 
I n  these instances,  i f  the  s t ruc ture  i s  magnetic, it a c t s  as the  armature and 
supplies the magnetic c i r c u i t .  For mater ia ls  t h a t  a r e  conducting but nonmag- 
n e t i c ,  eddy currents a r e  generated which produce electrodynamic forces .  This 
shaker i s  p a r t i c u l a r l y  adaptable t o  the  synchronized use of severa l  units f o r  
resonant t e s t i n g  of l i g h t  dynamic wind-tunnel models and t h e  l i k e .  I t s  usable 
frequency range can e a s i l y  extend from a f e w  cycles per second t o  several  hun- 
dred cycles per second. Among the  undesirable fea tures  of t h i s  e x c i t e r  a r e  
the  presence of a la rge  constant a t t r a c t i v e  force i n  addi t ion t o  the vibratory 
force,  and the  nonl inear i ty  of the r e s u l t i n g  force of t h e  device. 

Both t h e  core and armature a r e  laminated from 

I n  the t e s t s  f o r  which no addi t ion of mass t o  

Air-Jet  Vibration Exciters 

Although our Vibration and Dynamics Laboratory a t  Langley has a wide 
var ie ty  of electrodynamic and hydraulic shaking equipment, one of the most 
popular vibrat ion exc i te rs ,  where low force outputs a r e  s u f f i c i e n t ,  i s  the  
a i r - j e t  shaker. A s  t h e  name implies,  an a i r - j e t  shaker derives i t s  dr iving 
force from the k ine t ic  energy of a stream of high-velocity a i r ,  per iodica l ly  
impinging upon t h e  tes t  specimen. Proper modulation of t h e  a i r f low r e s u l t s  
i n  a sinusoidal force output. 

The chief a s s e t s  of the  a i r - j e t  shaker a r e  t h a t  no mass i s  added t o  the  
t e s t  specimen and it i s  extremely simple t o  use s ince no mechanical connec- 
t i o n s  t o  the t e s t  specimen a r e  required.  I t s  major l i a b i l i t y  i n  t h e  pas t  has 
been the rap id  decrease of force output with increasing frequency. This l o s s  
of avai lable  force a t  high frequencies has been due t o  t h e  i n t e r n a l  valving 
used t o  modulate the airflow. 
i n  accelerat ing and decelerat ing the  a i r  column during each cycle. 

Most of t h e  p o t e n t i a l  energy w a s  being wasted 

This problem can be overcome simply by ex terna l  in te r rupt ion  of t h e  a i r  
j e t  as depicted i n  f igure  13. The stream of high-velocity a i r  which impinges 
upon the t e s t  specimen, e x i t s  from t h e  nozzle a t  a constant ve loc i ty  and pres- 
sure. The airstream i s  then def lected per iodica l ly  by a motor-driven notched 
disk.  A near ly  s inusoidal  force may be obtained by use of a diamond-shaped 
n O Z Z k ,  the  length of which i s  equal t o  t h e  length of t h e  notch i n  t h e  i n t e r -  
rup ter  disk.  

A l l  of t h e  a i r - j e t  shakers b u i l t  i n  our shop have a s ingle  nozzle which 
r e s u l t s  i n  an unbalanced force.  This unbalance i s  of l i t t l e  consequence f o r  
most vibration t e s t s  but f o r  some highly damped and f l e x i b l e  t e s t  specimens 
o r  nonlinear systems it  i s  des i rab le  t o  have a balanced force input .  I n  such 
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cases,  t h e  a i r  j e t  may be counterbalanced by d i r e c t i n g  a steady stream of a i r  
onto the  opposite side of t h e  t e s t  specimen. I f  the  second nozzle has an area 
equal t o  one-half the  area of the  shaker nozzle and i s  fed from t h e  same pres- 
sure l i n e ,  t h e  ne t  force on t h e  specimen will be closely balanced. 

The magnitude of t h e  o s c i l l a t i n g  force can be control led by a pressure 
o r  flow regulat ing valve i n  the  a i r  supply l i n e .  
force output when t h e  j e t  i s  directed a t  a large f l a t  p l a t e  i s  approximately 
1 . 3  AP, where A i s  t h e  area of the  nozzle and P t h e  l i n e  pressure. The area 
of the  nozzles on present Langley shakers i s  0.025 sq i n .  (0.1-in. x 0.5-in. 
diamond) which r e s u l t s  i n  a maximum peak-to-peak force of 2.5 pounds when con- 
nected t o  a 100-psi air-supply l i n e .  Although t h i s  may seem t o  be a r a t h e r  
small force as vibrat ion e x c i t e r s  go, it has been found t o  be more than ample 
t o  exc i te  the  n a t u r a l  modes of panels, thin-wall  cylinders,  and numerous wind- 
tunnel models. Since t h e  added mass e f f e c t s  of the  a i r  j e t  a r e  negl igible ,  
t h e  dr iving force may be applied a t  t h e  point of maximum vibratory amplitude 
thus t ransmit t ing a maximum amount of energy t o  t h e  t e s t  vehicle.  The force 
of a given shaker can be doubled by d i rec t ing  t h e  a i r  j e t  i n t o  a lightweight 
pel ton bucket attached t o  t h e  t e s t  specimen i n  order t o  e f f e c t  a 180° change 
i n  t h e  airs t ream di rec t ion .  

The maximum peak-to-peak 

Larger force outputs may, of course, be obtained by the  use of l a r g e r  
nozzles and higher pressure l i n e s  but t h e  j e t  noise  soon becomes i n t o l e r a b l e  
and may wel l  d i s t o r t  the  output of piezeoelectric-type pickups. 

A s  previously indicated,  one of the major shortcomings of t h e  electrody- 
namic and electromagnetic e x c i t e r s  of ten encountered i s  t h e  l i m i t e d  s t roke o r  
t r a v e l  which they impose. The a i r - je t  exc i te r ,  i n  t h i s  respect,  however, 
permits very la rge ,  unrestrained amplitudes of o s c i l l a t i o n s .  This a s s e t  of 
t h e  a i r - je t  shaker can be i l l u s t r a t e d  with the a id  of f igure  14. Shown i n  
the  f i g u r e  i s  t h e  force coef f ic ien t  as a function of the  p l a t e  dis tance f o r  
various s i z e  p l a t e s ,  where t h e  force coeff ic ient  i s  t h e  r a t i o  of t h e  force 
exerted on t h e  p l a t e  t o  t h e  product of nozzle a rea  times the  l i n e  pressure.  
The s i g n i f i c a n t  point  t o  be made here i s  t h a t  f o r  s u f f i c i e n t l y  la rge  air-jet  
impingement areas, there  i s  no appreciable drop i n  t h e  exc i ta t ion  force even 
a t  very la rge  distances.  The nozzle used i n  these experiments w a s  a 
0.1-inch x 0.5-inch diamond. 

The complexity of t h e  motor-speed control depends upon the use f o r  which 
the  shaker i s  intended. I n  applications where accurate control  of t h e  f r e -  
quency i s  not required,  var ia t ion  of the  voltage t o  an e l e c t r i c  motor may be 
s a t i s f a c t o r y .  The bes t  all-around speed control t h a t  we have t r i e d  consis ts  
of a s m a l l  (1/75 hp) synchronous motor driving t h e  i n t e r r u p t e r  d i sk  through a 
commercially ava i lab le  variable-speed f r i c t i o n  drive.  
required t o  dr ive t h e  i n t e r r u p t e r  d i sk  i s  very small, there  i s  e s s e n t i a l l y  no 
slippage i n  t h e  variable-speed f r i c t i o n  drive. 
present  u n i t s  covers t h e  range from 0 t o  900 cps. A counter, geared t o  t h e  
speed cont ro l  crank, ind ica tes  the  frequency d i r e c t l y  i n  cycles per second. 

Since t h e  torque 

The frequency range of our 

I n  summing up, it can be s a i d  t h a t  t h i s  type of a i r - j e t  shaker exhib i t s  
t h e  following a s s e t s  which make it a valuable t o o l  i n  dynamic model t e s t i n g :  
it i s  extremely convenient t o  use since no attachment t o  t h e  t e s t  specimen i s  
required; it i s  e s s e n t i a l l y  massless; i t s  avai lable  force can be ca l ibra ted  
s t a t i c a l l y  and i s  constant with frequency; the force t ransmit ted t o  the 
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s t ruc ture  i s  independent of frequency and motion of the  s t ruc ture ,  simplifying 
control and giving r e p e a t a b i l i t y  even with nonlinear s t ruc tures ;  and i t s  cost  
i s  r e l a t i v e l y  low. 

The chief l i a b i l i t i e s  of t h e  a i r - j e t  shaker a r e  t h e  noise associated with 
la rge  force outputs and t h e  d i f f i c u l t i e s  encountered i n  multiple shaker 
appl icat ions.  

CONCLUDING REMARKS 

I n  general, the  r e s u l t s  ind ica te  t h a t  when t y p i c a l  launch vehicles  a r e  
suspended i n  a horizontal  a t t i t u d e  by cables or  shock cords, the f ree- f ree  
f lexura l  frequencies a re  a f fec ted  very l i t t l e  by the cable r e s t r a i n t  when 
reasonable length cables a r e  u t i l i z e d .  For v e r t i c a l l y  or ien ta ted  vehicles 
where a l l  of the r e s t r a i n t  i s  concentrated a t  the base, t h e  e f f e c t  of t h i s  
res t ra in t  on t h e  f irst  n a t u r a l  frequency may become appreciable even when t h e  
rigid-body frequencies a r e  very low. 
t a t e d  beams res t ra ined  by a two-cable harness ind ica te  t h a t  the e f f e c t s  of 
t h e  harness res t ra in t  on t h e  n a t u r a l  frequencies a r e  small i n  comparison t o  
t h e  e f f e c t s  of compression i n  t h e  beam due t o  gravi ty .  

Vibration r e s u l t s  of v e r t i c a l l y  orien- 

A n  a i r - j e t  vibrat ion e x c i t e r  i s  a l s o  described which i s  easy t o  use and 
has a constant force output regardless  of frequency. This shaker i s  p a r t i c -  
ular ly  usefu l  f o r  v ibra t ion  t e s t i n g  of s m a l l  panels,  thin-wall  cyl inders ,  and 
l i g h t w e i g h t  dynamic models where the  addi t ion of any mass may have a c r i t i c a l  
e f f e c t  on the measured frequencies. 
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Figure 2.- Effects  of t h e  two-cable hor izonta l  suspension on t h e  f i rs t  
f ree-f ree frequency . 
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f ree- f ree  frequency. 
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Figure 6.- Two-cable v e r t i c a l  suspension system. 
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Figure 10.- Frequencies of nonuniform beams suspended i n  harness. 
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Figure 12.- Comparison of results obtained with one-cable v e r t i c a l  sus- 
pension and harness suspension. 
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